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Pseudo Random Arterial Modulation (PRAM):  
A Novel ASL Approach to Measure Flow and Blood Transit Times 
Mohammad-Reza Taei-Tehrani 
The Pseudo Random Arterial Modulation (PRAM) is a non-invasive MRI based 
method to measure blood flow. It does not require any contrast agent but rather uses 
water protons in the body as the contrast. PRAM is based on a pseudo random sequence 
of inversions and non-inversions of the arterial blood using radio frequency (RF) pulses 
at a labeling plane inferior to the imaging plane. A series of images are taken at the 
imaging plane and flow reconstructed from the transit time measurements. PRAM does 
not require separate control and label acquisition as is common in Arterial Spin Labeling 
(ASL) but rather measures the distribution of transit times to a voxel within one 
integrated scan. Adiabatic inversion or non-inversion pre-pulses (PRAM pulses) are 
performed prior to a gradient echo imaging.  
The PRAM method has been tested on a flow phantom and the results were in 
confirmation with the theoretical flow and velocity measurements. Subsequently the 
PRAM method was tested on a human leg and the results were comparable with the 
Ultrasound measurements. The final testing phase was performed on a human brain and 
the results were compared with the phased contrast MRA.  
We have demonstrated here that that the PRAM technique can measure the 
velocity profile and the transit time accurately and efficiently on any organ such as 
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Cerebral blood flow (CBF) is one of the most important physiological variables 
involved in local brain metabolism. CBF together with local oxygen consumption 
provides the physiological basis for blood oxygen level dependent (BOLD) contrast, the 
most frequently used imaging technique for estimating changes in neural activation [1]. 
In addition to its variations during normal brain function, CBF also changes during many 
of the pathological events that lead to acute or chronic brain dysfunction. Because 
changes in physiological variables typically have an earlier onset than structural 
biomarkers, reproducible and reliable measurement of CBF has considerable potential for 
both research and in clinical applications such as evaluation of stroke and brain tumors, 
as well as the diagnosis of dementia. For accurate quantification of CBF, knowledge of 
local transit times of arterial blood is of important, especially for patients with steno-
occlusive diseases [ 2 , 3]. 
Measuring CBF and perfusion maps in different parts of the body is a difficult but 
extremely important task for understanding the process of arterial blood delivery to the 
biological tissues. There are different instruments to measure CBF with different degree 
of accuracy, speed and invasiveness. The most widely used method to measure perfusion, 
has been Positron Emission Tomography (PET) with the use of injected radioactive 
tracers [4]. In PET, the radioactive tracers, such as oxygen-15 water (H2O15), are injected 
into the blood and the arterial blood flow is measured based on the uptake of the tracer 
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into the local tissue. CBF is then quantified using the tracer clearance theory of Kety and 
Schmit [5].  
In recent years, new methods have been developed using Computed Tomography 
(CT) and Magnetic Resonance Imaging (MRI). In CT, the radio-contrast agents, such as 
Iodine based contrast, is in injected into the blood and the variation in the contrast is 
utilized to measure CBF. The CBF is then quantified using the Stewart-Hamilton dilution 
method for the non-diffusible tracers [6]. Use of ionizing radiation in CT is the 
disadvantage of this method in which patients are exposed to. In addition, it may cause 
renal dysfunction or allergic reactions in some patients [7]. MRI, on the other hand, has 
gained popularity due to its non-invasive approach and use of magnetically polarized 
water molecules in tissues as contrast.  
B. Contribution 
The Pseudo Random Arterial Modulation (PRAM) is a new MRI technique 
proposed in this thesis to measure blood flow and transit on any organ such as human 
brain.  
AIM 1: Development of Pseudo Random Arterial Modulation 
 To implement a MRI pulse sequence to be able to measure absolute cerebral 
blood flow (CBF) based on pseudo random inversion of inflowing blood. This technique 
has been developed on 1.5T and 3T MRI systems. Two versions of PRAM with inversion 
slab and PRAM with inversion plane were developed and compared.  
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 PRAM with inversion slab is based on a pseudo random inversion of a slab 
surrounding the imaged slice such that the imaged slice is part of the inversion slab. The 
magnetization in the imaging slice is modulated based on the random selection of a slice-
selective PRAM pulse with amplitude of either 180o or 0o. 
On the other hand, PRAM with inversion plane is based on a pseudo random 
sequence of inversions and non-inversions of the arterial blood at the labeling plane at a 
distance from imaging plane. An adiabatic inversion or non-inversion PRAM pulse is 
used to modulate the magnetization at the labeling plane. 
AIM 2: Development of Data Processing 
 The blood transit time has to be reconstructed from the PRAM data acquired by 
MRI. Two different processing methods were implemented in Matlab for the analysis of 
MRI data by PRAM with slab inversion and PRAM with inversion plane. The flow map 
is then created from the transit times after phase and artifact corrections.  
AIM 3: Investigate Efficiency of PRAM Pulses 
The accuracy of the CBF measurement directly depends on the inversion pulse 
performance. Three different radio frequency (RF) inversion pulses of Hyperbolic Secant 
(HYPSEC), Transfer Insensitive Labeling Technique (TILT) and WOW were compared 
to measure efficiency of the pulses for PRAM with inversion slab. For PRAM with 
inversion plane, two RF pulses of Continuous Arterial Spin Labeling (CASL) and Pseudo 
CASL (PCASL) were implemented and compared. 
AIM 4: Validation of PRAM  
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The PRAM method has been validated by a flow phantom and the results were in 
confirmation with the theoretical flow and velocity measurements. Subsequently the 
PRAM method was tested on arteries and veins in human leg and the results were 
compared with the pulsed wave Doppler Ultrasound. The final testing phase was 
performed on the arteries of a human brain and the results were compared with the 
phased contrast MR angiography.  
C. Chapter Summary 
 This work has been divided into the following chapters. Chapter II covers the 
basics of magnetic resonance imaging, how images are reconstructed, different image 
acquisition techniques such as gradient echo and spin echo, and finally the concept of 
arterial spin labeling is discussed.  
 Chapter III explains clinical importance of measuring cerebral blood flow (CBF) 
and different medical instruments used. Principal theory to measure CBF in MRI is 
discussed in details and is followed by the literature review of the current relevant works. 
And finally the short comings of the current methods are presented. 
The proposed PRAM theory is discussed in chapter IV. The two different 
approaches, PRAM with inversion slab and PRAM with inversion plane, are explained. 
The component of PRAM, including pulse sequence acquisition, pseudo random 
numbers, RF pulses, and data analysis techniques are detailed. Different methods of 
PRAM validation using flow phantom, pulsed Doppler ultrasound, and magnetic 
resonance angiography (MRA) are proposed.  
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Chapter V demonstrates the results for the accuracy and efficiency of different 
PRAM components followed by the result from flow phantom, human leg, and human 
brains. 
Finally this thesis is concluded by general discussion in chapter VII and future 
direction and potential application in chapter VIII. 
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II. BASICS OF MAGNETIC RESONANCE IMAGING 
A. Magnetic Resonance Imaging 
The principal of magnetic resonance imaging [8,9] is to place a subject in a very 
strong and homogenous magnetic field. In this field most of the protons magnetization is 
aligned in the direction of the main magnetic field B0. The protons precess at their 
Larmour frequency, directly proportional to the magnetic field, or  
00 Bf γ=  
where γ is the gyro magnetic ratio of spins  of interest, such as protons. The MRI images 
are created by disturbing the magnetization of the spins by short radio frequency (RF) 
pulses. As the spins recover to their original equilibrium magnetization, the created signal 
is measured and images are reconstructed. The rate of magnetization recovery is based on 
two relaxation factors of T1, also called spin-latice relaxation, and T2, also called spin-
spin relaxation as well as the external RF field, Bext. The magnetization at time t, denoted 
by ( )M t

, is governed by Bloch equation [10] 
0
1 2
( ) 1 1
ˆ( ( )) ( )z ext
dM t M M t z M t B M
dt T T






is the transverse magnetization, 0M is the longitudinal magnetization at 
equilibrium, ( )zM t is the longitudinal magnetization at time t, and zˆ is the unit vector in 
the direction of main magnetic field. 
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 Considering that we need three dimensional images of a subject, excitation of all 
the spins with single RF pulse in a homogenous magnetic field would be insufficient to 
create 3D images. To resolve this problem, three gradient fields are used to create 
different magnetic field in 3D space along three orthogonal axes. The gradients create 
small additional fields which vary linearly with the position.  
 For instance, the Larmour frequency along the main magnetic field and in the 
direction of slice selection varies linearly with slice position, or  
)( 00 zzGBf += γ . 
After slice selection in z direction, there are two techniques to acquire the other two 
dimensions.  
1. Projection Reconstruction Technique 
Projection reconstruction technique is the method that early MRI’s used to 
reconstruct images [11]. In this method, after turning off the gradient in z direction, the 
gradient fields along the x and y directions were linearly varied (see Figure 1). The 
gradient variation of Gx and Gy are in such a way that, for a constant angle θ, defined as 





θ = , 
the sum of 2
xG  and 
2
yG are constant [12], or 
2 2
=  + .xy x yG G G Const=  
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The constant Gxy causes the spins along the line perpendicular to Gxy have the 
same resonance frequencies. By using n angles of θ, n projections are acquired. Images 
are reconstructed using similar projection reconstruction algorithms used in Computed 
Tomography (CT) or X-Ray.  
 
Figure 1. In Projection Reconstruction Technique, the sum of 
2
xG  and 
2
yG  are constant and relative strength of Gx and Gy are 
varied to reconstruct 2D information. 
 
2. Frequency & Phase Encoding Technique 
 The MRI signal originates from the magnetization in the x-y plane, also called 
transverse magnetization, and denoted by MT.  The precession frequency of a spin is 
linearly proportional to its position, due to the gradient, and its phase is the integral of its 
precession frequency from the time it was created to the time it was observed. Since the 
gradient is varied over time t and location r, the phase of spin can be written as  
0
( , ) ( , )  tr t G r t r dtϕ γ ′ ′= − ⋅∫  







Gz Gz Gz 
Gy1 Gy2 
Gy3 
Gx1 Gx2 Gx3 




( ) ( , ) 
2
t
k t G r t dtγ
pi
′ ′= ∫  
then phase can be written as  
( , ) 2 ( )r t k t rϕ pi= − ⋅  
Therefore magnetization at time t is the original magnetization multiplied by the 
accumulated phase, or  
2 ( )( , ) ( ) i k t rT TM r t M r e pi− ⋅= . 
The signal acquired by the radio frequency (RF) receive coil is from the entire slice 
selection and therefore can be represented by 
2 ( )( ) ( )  i k t rT
X
S t M r e drpi− ⋅= ∫ . 
It can be noticed from the above equation that transverse magnetization ( )TM r can be 
measured by Fourier transforming the signal or, 
2 ( )( )  ( )  i k t rTM r S t e dtpi ⋅= ∫ . 
In order to create a 2D transverse magnetization for a slice, the MR signal S(t) has to be 
acquired for different k-space k(t). The k-space signal acquisition can be performed in 
different ways such as Cartesian grid, spiral or projection.  
 The simplest form of MRI signal is free induction decay (FID) caused by a 90o 
pulse. The net magnetization decays due to the interaction between the spins as well as 
the inhomogeneity of the main magnetic field. The envelope of the FID oscillating and 
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decaying signal is represented by the time constant of T2*. FID does not have any 
positional information and therefore other advanced sequences are used in MRI imaging 
as discussed in the following section.  
3. Spin Echo & Gradient Echo Imaging 
 Three are two main MRI sequences that cause creation of an echo; the spin echo 
and the gradient echo. The spin echo sequence is based on the use of two RF pulses (see 
Figure 2). The first pulse is a 90o pulse and brings the magnetization along the magnetic 
field to the transverse plane. The spins start de-phasing due to experiencing different 
magnetic field based on their locations. At time t=TE/2, the phase of spins in different 
locations can be represented by 
( , ) ( ) .
2 2
TE TE
r B rϕ γ= − ∆
 
 
By use of the second 180o RF pulse, the spins that have gained positive phase become 
negative and the spins that have negative phase become positive. This can be denoted by 
( , ) ( ) .
2 2
TE TE
r B rϕ γ= ∆
 
 
Since the rate of phase accumulation hasn’t changed, spins start refocusing to 0ϕ = at the 




Figure 2. Spin Echo sequence diagram. The 90o excitation pulse tips 
the spin magnetization to the transverse plane. The 180o pulse 
refocuses the spin magnetization to transverse plane. The spin echo 
appears TE ms from 90o and TE/2 ms after 180o pulse. 
 
 The gradient echo sequence is based on a 90o RF excitation pulse and use of slice 
gradients to refocus the phase (see Figure 3). The RF pulse tips the magnetization to the 
transverse plane and spins start dephasing. A negative frequency gradient encoding is 
applied, followed by a positive gradient twice the duration of the first one in order to 
refocus the dephasing. The reversal of the gradient creates an echo at time TE in which 
the signal can be recorded and is formulated as 
*
1 2/ /( ) (1 )TR T TE ToS TE S e e− −= −  

















Figure 3. Gradient echo sequence diagram. The gradient echo 
is created at time TE and repeated for in every TR. The 
negative frequency gradient is half the duration of positive 
frequency gradient and the maximum echo appears at the 
center of positive gradient. 
 
B. Arterial Spin Labeling 
Arterial Spin Labeling (ASL) has been increasingly used for measuring perfusion 
and transit times due to its non-invasiveness. As the name implies, in ASL the 
magnetization of protons in arterial water are typically inverted (labeled) at a plane 
through a cerebral artery and later observed after they have flowed into the area being 
imaged. The flowing bloods’ magnetization, which is used as a tracer, is inverted and the 
labeled blood flows into capillaries and exchanges with tissues (see Figure 4). The 
difference between the tissue signal with and without the labeled arterial blood is 
proportional to cerebral blood flow [13].  
Unlike PET or CT, which requires a long time for the contrast agent to be 
removed from the body, ASL employs water as an endogenous tracer, and therefore 
















assumptions, CBF can be quantified using ASL, making it possible to compare 
measurements across individuals or within a subject at different time points, something 
that is difficult to do with other perfusion modalities. 
 
 
Figure 4: (a) In control image, the blood (yellow circles) moves 
from the slab toward the imaging slices. (b) In labeled image, the 
blood is tagged (red circles) during the labeling process as it 
moves toward imaging slices. (c) Control blood has reached 
different imaging slices. (d) Labeled blood has reached imaging 
slices (red). In addition non-tagged blood (yellow) from outside 
of inversion slab is also present.  
 
 There are two main ASL techniques. The first one is pulsed ASL (PASL) with 
spin inversion is achieved using short inversion pulses to invert spins from inversion slab 
(see Figure 5a). The second technique is the continuous ASL (CASL) in which the arterial 
spins are inverted using continuous RF irradiation as they pass through an inversion plane 
(see Figure 5b). 
(a) Control Image (b) Labeled Image 




Figure 5: (a) Pulsed arterial spin labeling. The inversion slab covers the 
main brain arteries and reaches below the imaging slice (b) Continuous 












III. BACKGROUND AND SIGNIFICANCE 
 
A. Clinical Importance 
 Normal brain receives about one fifth of the cardiac output. Blood flows through 
carotid and vertebral arteries and reaches the brain capillaries. The blood brain barrier 
allows oxygen, water and other small or soluble substances enter the tissue and block the 
larger and potentially harmful substances to enter. Many different factors effect the 
variation of cerebral blood flow, such as blood pressure, cardiac output, vascular 
resistivity as well as the metabolic variation. Therefore cerebral blood flow is among the 
most important physiological variables in understanding local brain metabolism. CBF 
provides the physiological basis for blood oxygen level dependent (BOLD) contrast, the 
most frequently used imaging technique for estimating changes in neural activation [14]. 
In addition to its fluctuations during normal brain function, CBF also changes 
during many of the pathological events that lead to acute or chronic brain dysfunction. 
Because these pathological changes typically have an earlier onset than structural 
biomarkers, measurement of CBF has enormous potential in early diagnosis of stroke 
[15], Alzheimer’s [16], Parkinson’s [17], or detection of tumors [18]. Brain tumors have 
shown an increase in CBF, Alzheimer's and Ischemic diseases have shown reduction in 
CBF, and brain metabolism affects CBF due to increase or decrease of neuronal 
activities. Accurate determination of CBF is of great importance and still a difficult task.  
B. Overview of Medical Instruments to Measure CBF 
There are two major methods of perfusion measurement; one is based on using 
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diffusible tracers, which can pass the blood brain barrier and enter the tissues, and the 
other is based on usage of non-diffusible tracers, which can only pass through arteries, 
capillaries and veins. The radioactive tracers, such as oxygen-15 water (H2O15), used in 
PET imaging, is an example of diffusible tracers method and Iodine based contrast in CT 
is an example of non-diffusible tracers method. Therefore Different models have been 
developed to measure blood flow and blood volume based on the tissue and vascular 
interactions.  
In the standard model, which widely used in many studies, the tracer and other 
metabolites in the capillaries are assumed to be in fast exchange (and thus spatial 
equilibrium) with the tissue compartment and are followed together as a function of time 
[19]. The total amount of tracer concentration which enters the arterial system has to also 
exit the venous system. If Q is the total amount of tracer concentration injected into the 
artery (see Figure 6a), and F is the constant rate of flow in which the blood enters and 
exits the vascular system, the following equation can be written 
0
( )iQ C t Fdt
∞
= ∫  
where Ci(t) is the concentration of tracer at time t in which leaves the vascular system. A 
representation of tracer concentration over time is shown in Figure 6b. Solving for the 
flow, we will have
0
/ ( )iF Q C t dt
∞





Figure 6. (a) The total amount of tracer concentration, Q, which enters the 
arterial system, has to exit the venous system. (b) The venous tracer 
concentration, as it flows out of the vascular system is plotted. 
 
C. Principal Theory and Methods to Measure CBF in MRI 
 In MRI, there are two main methods of measuring perfusion. One is based on the 
tracer clearance method of Kety-Schmit [5], as described previously in PET imaging, by 
using exogenous tracers and the other is the Arterial Spin Labeling (ASL) which uses 
endogenous tracers such as water as the contrast agent. The first method requires the 
injection of exogenous tracers, such as Gadolinium based contrasts, which can be 
difficult in research settings as well as harmful to some subjects with compromised 
kidney function. In this method, the tracer does not pass the blood brain barrier due to its 
large molecule size and therefore presence of any contrast in the brain tissues indicates a 
tumor or a disease. In addition, the non-diffusible tracers, such as Gadolinium based 
contrasts, is used in MRI dynamic susceptibility contrast (MRI-DSC) to measure cerebral 
blood volume (CBV) and mean transit time (MTT).   
CBV is the fraction of a voxel that contains blood and MTT is the average time 
that it takes arterial blood to traverse from the vasculature to the imaging slice. According 
Ci 









ASL uses magnetically labeled water as contrast and therefore tracer is freely 
diffusible with the tissues and can be used to measure CBF [13]. Considering that labeled 
arterial blood flows to capillaries and then diffuses in and out of the tissues, the Bloch 
equation can be written as 
1
( ) (0) ( ) ( )( )b b b ba
b
dM t M M t F M tF M t
dt T λ
− ×
= + × −  
where F is the cerebral blood flow, ( )bM t is the longitudinal tissue magnetization at time 
t, ( )aM t is the labeled arterial blood magnetization. The constant of 1bT  is the spin lattice 
relaxation of the blood and λ  is the blood brain partition coefficient. In the above 
equation ( )aF M t×  is the magnetization of new arterial blood diffusing into the tissues 
and ( ) /bF M t λ×  is the magnetization of the blood leaving the tissues in the imaging 
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In the case of continuous arterial blood inversion 0( )a aM t M= −  and therefore the above 
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the Bloch equation can be written as 
1
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with the solution of 
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= − − . 
Therefore the flow can be calculated by the following equation considering that the 
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. 
The above flow equation can be calculated pixel-wise to get the perfusion map.  
 The two primary methods of conducting the ASL experiment, as described in first 
chapter, are continuous (CASL) or pulsed (PASL). In CASL, the incoming arterial water 
is continuously inverted by an adiabatic inversion pulse. This pulse is created by the 
passage of the moving spins through the resonance condition created by a continuous RF 
waveform that irradiates the artery in the presence of a gradient [13]. In PASL, spatially 
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broad inversion pulses are used to invert all the spins in a region next to the slice of 
interest and the exchange between the inverted region and the imaged slice is 
subsequently observed [21].  
Theoretically, the CASL method has an approximately “e” fold higher signal to 
noise ratio (SNR) compared to PASL [22,23]. Frank et al. has also shown experimentally 
that CASL has greater SNR than PASL but not to the extent of theoretical level, mainly 
due to non-optimal inversion efficiency of continuous RF pulses [2]. On the other hand, 
PASL uses shorter RF pulses and therefore does not require any specialized hardware and 
therefore can be run on many MRI scanners.  
D. Short Coming of Current Methods and Proposed New Approach 
In CASL, a separate acquisition is required to obtain a control image. The flow is 
then calculated from the difference between control and labeled images. In practice, the 
difference observed is around one percent of the unperturbed signal. One confound in this 
calculation is that the relatively long off-resonance continuous RF pulse used in labeling 
the spins creates magnetization transfer (MT) effects [24]. These effects result from 
chemical exchange between protons in proteins and lipids and protons in water, altering 
the characteristics of the labeled images by lowering the overall signal. Consequently, the 
subtraction between a control image in the absence of RF and labeled image with RF 
includes the MT effects in addition to the desired flow information.  
To circumvent this problem, a cosine amplitude modulation is introduced in the 
continuous waveform and applied during the acquisition of control image. This 
modulation creates two closely spaced adiabatic inversion planes in the inflowing arterial 
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spins so that there is no net inversion. However, because power levels of the RF 
waveforms for control and labeled are adjusted to be equal, they induce similar MT 
effects in both. Therefore these effects are cancelled during the subtraction.   
In accurate quantification of CBF, the transit times need to be known to ensure 
that the loss of magnetization due to T1 relaxation has been properly calculated. This is 
specially of importance in white matter area due to its short T1 relaxation time compared 
to gray matter and blood. Reducing TR to be much shorter than T1 will reduce this effect, 
but one needs to be sure that all the labeled spins have reached the microvasculature in 
the imaging plane. This has been done by either choosing an appropriate delay time 
before acquisition or correcting for this effect in post processing. Continuous ASL 
reduces this uncertainty by introducing a post labeling delay (PLD) between the end of 
the inverting pulse and the start of data acquisition [ 25]. In order to measure the transit 
time distribution, multiple acquisitions with different PLD are required. This parameter 
allows the previous labeled spins to clear from the imaging plane before the new labeled 
spins are arrived and imaged. Therefore if the PLD is longer than the transit time, the 
results will be independent of transit time. On the other hand, quantification of CBF using 
ASL encounters unique difficulties in white matter.  
The use of a PLD depends on the assumption that the T1gray=T1blood, which is a 
reasonable approximation for grey matter but not for white matter.  Furthermore, it takes 
a long time for the labeled blood in the artery to reach white matter. The relaxation of the 
labeled spins during this transition means greater reduction in SNR for white matter than 
in gray matter. Although the insertion of the PLD makes it possible for CASL to quantify 
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CBF without a priori knowledge of transit times, this solution has several disadvantages 
including long acquisition time. 
 The standard way to measure transit times in ASL is by acquiring sets of images 
with increasing labeling delays, and by observing when labeling spins reach the imaging 
slices. Typically 5 to 10 different scans with different labeling delays are used to 
reconstruct transit time [26,27]. The long imaging time to acquire the full transit time 
cycle in ASL is the drawback of this method. Other groups [28, 29] have investigated the 
use of Look-Locker technique with repeated small flip angle acquisition in PASL to 
reconstruct transit time map in a single acquisition. Some groups use exogenous tracers, 
such as gadolinium, to measure transit time distribution [34 ,35]. These methods suffer 
not only from long acquisition time but also from harmful usage of exogenous tracers 
[41]. Other methods of perfusion such as QUIPSS and Q2-TIPS [36,37] have also been 
developed that are insensitive to transit time variation. Another approach to acquire ASL 
insensitive to transit time is by labeling the arterial spins based on their velocity [38,39]. 
An optimized version of this method was developed by Wong et al [40] and named 
velocity-selective ASL (VASL) and it is based on a non-selective RF pulse with 
interleaved gradients to select particular velocities. 
 Different modulation techniques have been developed for perfusion measurement 
in ASL such as Hadmard modulation by Gunther et al [ 30], sinusoidal modulation by 
Möller et al [ 31], or frequency modulation by Barbier et al [ 32]. As shown in this thesis, 
using Pseudo Random Arterial Modulation (PRAM), we are able to determine the transit 
time distribution in an integrated and efficient acquisition without the need for long 
continuous RF pulses. An additional advantage of the PRAM method is that it does not 
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require separate control and label acquisition and therefore the effects of off-resonance 





A. PRAM Theory 
 The underlying concept in PRAM is that the signal in each voxel of the imaging 
plane is an integral over the labeling input function convolved with the temporal transfer 
function to that voxel. If the input arterial spins are exposed to a pseudo random 
modulation then this pattern will subsequently move toward the imaging plane and the 
magnetization in the voxel can be expressed as  
0
( ) ( ) ( )M t P t F dτ τ τ
∞
= −∫
     or in discrete form    
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0
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where ( )M t  is the magnetization signal at time t of a voxel, ( )F τ is the fraction of spins 
in this voxel with transit time τ , and ( )P t τ−  is the pseudo random modulation scheme 
at time t τ− . In the discrete equation Fj and Pi-j corresponding to F(τ) and P(t-τ), 
respectively. In continuous ASL, for instance, the modulation scheme of ( )P t τ−  would 
be always -1 (for a perfect inversion efficiency) during the labeling period and 1 during 
the post label delay, corresponding to the long inversion pulse used to label arterial blood 
and the subsequent post labeling delay. PRAM is based on an application of a pseudo 
random sequence (PRS) of inversions and non-inversions, where P is -1 if the pre-pulse 
is a 180o inversion pulse or +1 for non-inversion. To accomplish this, an inversion or 
non-inversion pre-pulse (PRAM pulse) is applied prior to a standard gradient echo 





Figure 7. PRAM pulse sequence design. Pi is the ith element of PRAM 
number determining the inversion (a) or non-inversion (b) pulse to be 
performed prior to the gradient echo imaging. 
 
 In order to implement PRAM, an additional loop structure has to be added to the 
MRI acquisition system. As shown in Figure 8, the location of the loop is between phase 
encode and the measurement. This will allow PRAM number of acquisition for every 
phase encode direction. 
 As it was the case for ASL, the PRAM technique also was developed with 
inversion slab as well as with the inversion plane. To propose the best inversion 
technique for each method, different RF pulses were considered and the results were 
compared. Considering that the acquisition and analysis of each method are different, 



















Figure 8. The PRAM loop is added between the cardiac phase and the 
measurement loop. 
 
1. PRAM with Inversion Slab  
 In PRAM with inversion slab, the labeling scheme is based on a pseudo random 
inversion of a slab surrounding the imaged slice such that the imaged slice is part of the 
inversion slab [42] (see Figure 9). The magnetization in the imaging slice is modulated 
based on the random selection of 180o pulses. A slice-selective RF pre-pulse [43] with 
amplitude of either 180o or 0o was performed prior to gradient echo sequence. We denote 
the PRAM modulation sequence by Pi where Pi=1 if the pre-pulse is 0o or Pi=-1 if 180o. 
As the spins move from the edge of inversion slab to the imaging slice they thus 
experience a different series of RF pulses. The magnetization signal at time ti, denoted by 
M(ti), is the sum over all the transient times, or 
( ) ( )i ij j
j
M t P F t= ×∑  
where F(tj) is the fraction of spins that takes tj to travel from the edge of slab to the 
imaging slice. Since the modulation sequence Pij is known, F(tj) can be calculated for 
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each transit time by inverting P. 
 
 
Figure 9. PRAM with inversion slab. The inversion 
slab covers the whole brain, including the carotid 
and vertebral arteries and the imaging slice is usually 
located at the center of inversion slab. 
 
2. PRAM with Inversion Plane 
 In PRAM with inversion plane, inversion of arterial blood performed using 
velocity driven RF pulses in a plane inferior to the imaging slice so that the inversion is 
achieved by the motion of spins along the gradient through the inversion plane (see Figure 
10). To accomplish this, an adiabatic inversion or non-inversion pre-pulse (PRAM pulse) 
[44] is performed prior to gradient echo sequence. The magnetization in the imaging 
plane, at a distance from labeling plane, is then modulated based on the temporally 
delayed PRAM pulse. Thus, the magnetization signal at time ti is represented by a similar 






where the modulation sequence P is defined differently. This is due to the fact that the 










Figure 10. PRAM with inversion plane. The inversion 
plane is located over the carotid and vertebral arteries 
and inferior to the imaging slice so that all the blood 
enters the brain is labeled. The distance between 
inversion plane and imaging slice, known as labeling 
offset, is set to L. By measuring the transit time t , the 
flow speed is V=L/t. 
 
Considering that PRAM is based on a “pseudo random” sequence of inversions 
and non-inversions, the “pseudo random” selection is discussed further in the following 
section. 
B. Pseudo Random Numbers 
 The pseudo random numbers are series of binary numbers that don’t repeat within 
certain length and have the properties of the random numbers. They are also known as 
maximum length sequence (or m-sequence) and have the length of 2n-1. The advantage of 
pseudo random numbers is that they appear to be random but they are not and therefore 
they can be regenerated. It is called pseudo because after 2n-1 elements it starts to repeat 
itself. The sequences can be generated using linear feedback shift registers (LFSR) of 
prime binary polynomials [48]. The LFSR uses the shift register of a binary sequence 
where its input bit is linear function of its output bit. The pseudo random sequences with 












The selection of n in each study depends on the duration of TR acquisition parameter, the 
difference between slowest and fastest velocities, as well as the number of time intervals 
required. 
 













































3 1 0 1 1 0 0 0                          
4 0 1 0 1 0 0 1 1 0 1 1 1 0 0 0                  
5 0 1 1 0 0 1 0 1 1 0 1 1 1 1 0 1 0 1 0 0 0 1 0 0 1 1 1 0 0 0 0  
6 1 0 1 0 1 0 0 1 1 0 0 1 0 0 0 1 0 0 1 0 1 1 0 1 1 0 0 0 1 1 1 0 
6 1 0 0 0 0 1 1 0 1 0 1 1 1 0 0 1 1 1 1 0 1 1 1 1 1 0 0 0 0 0 0  
 
Table 1. Pseudo random sequences with n=3, 4, 5, and 6 with the sequence lengths of 7, 15, 31, 
and 63 respectively. The sequences are generated using linear shift registers of prime binary 
polynomial of xn+x+1. When n is 6, 63 binary numbers are shown in two bottom rows.   
 
 In this thesis we are looking for sequences of 1’s and -1’s which does not have 
any correlation with itself. Therefore 0’s are replaced with -1’s in the random sequence 
generator. The important property of pseudo random sequences is the fact that the 
autocorrelation function is essentially a delta function. In other words, for a pseudo 
random sequence of length N, with the elements of  
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This is an important property for the measurement of flow from the reconstructed 
PRAM data. The reason is that the sequence of 1’s and -1’s are used to modulate the flow 
signal where each sequence represents a different time point. Since the sequence is 
Pseudo random, and therefore is known, the signal can be demodulated and be referenced 
to the corresponding time stamp. However if there is any repetition within the binary 
sequence length, multiple time points will correspond to a same time stamp, causing mis-
calculation in the flow reconstruction.  
C. RF Pulses 
 Many different RF pulses exist to manipulate the magnetization of the static and 
moving objects. The pulses required for PRAM are the inversion pulses with high 
efficiency of inverting the magnetization of the blood flow in the arteries.  
 An important characteristic of a RF pulse is the Specific Absorption Rate (SAR). 
SAR is a measurement of the heating produced by exposing a patient to a RF pulse and is 
proportional to the square of B1 field. Considering that PRAM is based on a series of 
inversion RF pulses, the pulses with lower SAR are of great importance. 
1. PRAM with Inversion Slab 
 Different pulses are considered for the slab magnetization inversion for PRAM. 
These pulses have different inversion efficiency in respect to amplitude stability 
throughout the inversion slab as well as the sharpness of the inversion boundaries. The 
hyperbolic secant (HS) pulse [45], as shown in Figure 11, is a simple inversion pulse 
which has shorter inversion period compared to a Sinc pulse and is widely used in 
different inversion applications. The HS inversion pulse is an adiabatic full passage 
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(AFP) pulse where both frequency and amplitude are modulated. Therefore B1 in the 
rotating frame of reference is not a constant vector on the transverse plane. Due to the 
variation of RF pulse frequency w(t) from the Larmor frequency spins encounter an 
additional field. In HS inversion pulse, the w(t) is represented by the following equation  
1
max( ) (sec ( )) iw t w h t βα +=  
where wmax is the maximum pulse amplitude, and α and β are constants [46].  
The non-inversion HS pulse used in PRAM is the same as the inversion pulse 
however the labeling offset is set such a way that the slab is superior to the inversion slab 
and outside of the brain. 
 
Figure 11. Hyperbolic Secant Inversion Pulse. 
The inversion is created using a 180o pulse in 
the presence of slice gradient.  
The WOW inversion pulse [47] is a complex non-symmetrical approach to create 
an inversion pulse with sharper inversion boundaries of the slab than the HS pulse (see 











Figure 12. WOW-Inversion Recover pulse. 
A non-linear  180o pulse is used in the 
presence of slice selective gradient.  
 
 In both HS and WOW pulses, the slab selection gradient is turned on during the 
RF inversion. However during the labeling pulse, the selected slab is inferior to the 
imaging slice, where in control (or non-labeling pulse) the slab is posterior to the imaging 
slice and therefore does not label the arterial blood. 
The transfer insensitive labeling technique, or TILT, was first introduced by 
Pruessmann et al [48] to compensate for the magnetization transfer artifact which to some 
degree HS and WOW suffers from. The slice-selective RF TILT pulse is used with 
amplitude of either 180o (90o+90o) or 0o (90o-90o) for the inversion and non-inversion in 
the PRAM scheme. The labeling pulse is the concatenation of two 90o pulses with the 
gradient in the opposite direction, and the second RF is inverted in time (see Figure 13). In 
control however, the phase of second pulse is shifted 180o and therefore the longitudinal 












Figure 13. TILT pulse (a) 1800 labeling pulse 
concatenation of two 90o pulses with the gradient in the 
opposite direction, and the second RF inverted in time (b) 
00 control pulse is the concatenation of a 90o pulse 
followed by another -90o pulse to return the magnetization 
to original location. 
 
 The advantage of this method is the reduction in magnetization transfer (MT) due 
to long RF radiation in spin labeling. The MT effect [57] happens because of 
magnetization transfer between the free water protons and hydration water protons.  
2. PRAM with Inversion Plane 
The other approach for the inversion of arterial blood is to continuously invert the 
spins in a plane inferior to the imaging slice instead of inverting the whole slab for a short 
period of time. These types of pulses are known as adiabatic and the frequency and 
amplitude of the RF is smoothly swept to keep the magnetization moving toward the 
specific direction. In this thesis, the adiabatic inversion is velocity driven [49] where the 
inversion is achieved by the gradient along the flow direction. The adiabatic condition for 
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where G is the labeling gradient, B1 is the amplitude of the RF pulse, and v is the speed 
of the arterial blood. This condition comes from the fact that the effective magnetic field 
(see Figure 14) is  




= +  
where ω∆ is the frequency difference between the RF pulse and the Larmor frequency of 
the magnetic field. Therefore longitudinal magnetic field in the rotating frame 
is zG zω γ∆ = . 
 
Figure 14. Effective field moves from +z to –z as 
the magnetization precesses around it in a spiral 
form.  
In order for the magnetization M to follow the effective field, d
dt
θ
 has to be 
smaller than frequency of the RF B1 field and this will result the adiabatic condition. An 
example of the adiabatic pulse is shown in Figure 15. For the labeling of the CASL pulse 
[50], the amplitude and frequency of the RF, or A and ωrf in 1 rfi tB Ae ω−= , are kept 















start to invert from the positive magnetization +z to –z. In the control pulse however, a 
cosine modulated RF pulse is used. This can be mathematically represented by the 
following equation 
1 cos( )rfB A tω=  
which can also be written as 
1
rf rfi t i tB A e B eω ω− +′ ′= + . 
As it is shown above, the control pulse is equivalent to a double inversion where the 
magnetization moves from +z to –z and then inverts back to +z.  
 
Figure 15. The CASL pulse (a) Labeling pulse is shown. For 
a long labeling pulse, the concatenation of the CASL pulses 
are used with micro second distance between them (b) 
Control pulse is the cosine modulation of labeling pulse and 
performs one inversion followed by another and therefore 
the magnetization is back to its original direction. 
 
 In the CASL pulse discussed above, the RF and gradient have to remain on for 
long times of the order of seconds and therefore it cannot be used in many clinical sites 
due to the hardware constraints on clinical MRI’s. The pseudo CASL pulse is an 














rate (SAR) [51]. This pulse contains a train of RF pulse modules with some time period 
gap between them. Mathematically, this can be shown as [52], 
1( ) ( )* ( )t tRF t Comb Rect
t t δ= ∆ ∆  
where δ is the duration of the each RF module, t∆ is the distance between two RF pulse 
modules, * is the convolution, and Comb and Rect functions are defined as  
( ) ( )
n
Comb t t nδ
−∞
=∞










Therefore the Fourier transform of the Pseudo CASL pulse is  
( )( ) ( ) ( )F RF t Comb f t Sinc fδ piδ= ∆ ×  
which explains the reason for repetitive labeling planes appearing every 1
t∆
, modulated 
by the sync function. To eliminate this problem, two modifications have been proposed 
[51,53]. A Hanning function, instead of Rect function, is used for every pulse module. 
Therefore the pseudo CASL pulse can be depicted by 
1( ) ( )* ( )t tRF t Comb H
t t δ= ∆ ∆  
where H is the Hanning function defined as  
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The Fourier transform of this RF pulse is  
( ) 2 2( ) ( ) ( )2(1 )F RF t Comb f t Sinc ff
δ
piδδ= ∆ × −  
and therefore the amplitude of repetitive labeling planes drop significantly as it moves 
further from the main labeling plane. In addition to diminish the remaining residue of 
these planes, a high amplitude gradient is used during the RF Hanning pulses and a low 
gradient during the time gaps, in such a way that the average gradient remains the same 
as what is used in a CASL pulse (Figure 16a). To create the control pulse, the amplitude 
of every other pulse is reversed in order to cancel the effect of the previous pulse (Figure 
16b).    
 
Figure 16. The Pseudo CASL pulse uses short RF pulses and 
therefore has lower SAR effect. High amplitude gradient is used 
during the RF pulses and a low gradient during the time gaps so that 
















D. Data Analysis Development 
 The full dataset in a PRAM experiment contains an image for each element of the 
PRS for every phase encode direction. Therefore in the k-space data, the order of 
acquisition is the frequency direction first, followed by the PRAM loop, and finally the 
phase direction. For analysis the data is re-ordered to frequency, phase direction and 
PRAM loop, and subsequently Fourier transformed in the frequency and phase directions. 
The results are N images, corresponding to the magnetization signal encoded with the 
PRAM phases for the total duration of N*Np*TR, where TR is the normal repetition time 
between acquisitions and Np is the number of phase encode directions. Figure 17 shows 
the process of flow reconstruction after PRAM acquisition.  
 
Figure 17. The process of flow reconstruction after 
PRAM acquisition. The PRAM and phase encode 
directions are switched and subsequently Fourier 
transformed. After the phase correction step, only the 
real part (longitudinal component) is used to 
reconstruct the flow. 
 
Phase Correction 
RAW data (F, Pram, P) 
Reorder data to (F, P, Pram) 
Fourier Transform in frequency direction  
Fourier Transform in phase direction 
Reconstruct Image data 
Reconstruct Flow data 
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          Because ASL inversions modulate the longitudinal magnetization, we need to use 
the real part of the magnetization rather than the more commonly imaged magnitude. To 
do this, we correct the images to be of constant phase (real) by performing pixel-wise 
phase correction by 
( , )( , , ) ( , , ) i x yi iM x y t M x y t e
ϕ −  
′ = ×
 
where ( , )x yϕ is the mean phase map over the pram cycle. 
1. PRAM with Inversion Slab 
In order to measure flow and transit time distribution from M(ti), in PRAM with 
inversion slab method, one can assume the signal at time ti is the summation of all the 
signals from the spins with different velocities arriving to imaging slice from the edge of 
the inversion slab at the time ti. If we assume the blood flow magnetization decays with 
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where F(tj) is the fraction of the spins that takes tj to travel from the labeling plane to the 
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2. PRAM with Inversion Plane 
 In PRAM with inversion plane, the magnetization signal in the imaging plane at 
time ti is denoted by M(ti), where i varies from 0 to N-1. In order to measure flow and 
transit time distribution from ( )iM t  we assume the signal at time ti is the summation of 
all signals from spins with different velocities arriving at the imaging slice at time ti. By 
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where F(tj) is the fraction of the spins that takes tj to travel from the labeling plane to the 
image plane. Unlike the PRAM with inversion slab, the PRAM modulation sequence Pi-j 
is not dependent on all the previous cycles due to the fact that imaging slice is not 
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The above equation is similar to the equation for transit time measurement in PRAM with 
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3. Time Correction 
The time t0 , described previously in the flow measurement equation, is the initial 
time point of the transit time. This is a critical value which affects the accuracy of the 
flow measurement and is set to the time point at the middle of the inversion pulse. This is 
due to the fact that adiabatic inversion pulses smoothly invert the magnetization of flow 
along the gradient and at the middle of the interval, or around TR/2, it has the highest 
inversion rate. This is a good estimate considering that the inversion pulse has the 
minimum duration of 100ms prior to a gradient acquisition pulse of around 5ms, 




=( + ) *
2i
t i TR .  
Therefore for velocity estimation, we use = /i iV L t , where L is the labeling offset distance. 
 
E. Pulse Sequence Development 
 PRAM pulse sequence development was implemented on Philips Intera 1.5T and 
Achieva 3T MRI scanners. Different options are implemented within the graphical user 
interface (GUI) for user selection. As shown in Figure 18, one of these options is the 
labeling pulse type which can be CASL, Pseuodo CASL, or TILT. As discussed 
previously, the PRAM number (also called PRAM phase) can be 7, 15, 31 or 63, based 
on the labeling duration, the desired number of time points, and the labeling offsets.  
The labeling duration is the duration of the inversion pulse in ms and labeling 
offset is the distance from the labeling plane to the imaging slice in mm. Considering that 
for every phase encode direction, PRAM number of acquisitions with the pseudo-random 
selection of inversion or non-inversion pulses is performed, the product of TR and PRAM 
number should exceed the expected average of transit times. The non-inversion pulse can 
be selected from the GUI to be a delay with the same duration of inversion pulse or the 




Figure 18. Graphical User Interface of PRAM with inversion plane on Philips MRI 3T 
Acheiva. The PRAM acquisition will be based on the user selection of Pram Phases, 
Labeling Pulse, Labeling Duration, Labeling Distance, as well Delay for Control option.  
 
Many different loop structures exist in the pulse programming environment (PPE) 
and PRAM with inversion slab uses different loop structure from PRAM with inversion 
plane.  
 The PRAM with inversion slab was implemented within the interleaved scan 
segment loop in the Philips programming environment (see Figure 19). The pulse diagram 
of this method is shown in Figure 20 for an inversion pulse followed by a non-inversion 
pulse. On the other hand, the PRAM with inversion plane was implemented using the 
heart phase loop of Philips PPE allowing future research on cardiac cycle variability on 
the brain perfusion. The pulse diagram of this method is shown in Figure 21 for a single 




Figure 19. The loop structure of a general gradient echo imaging (FFE) 
within PPE Philips environment [54]. The BASE loop also contains series 
of other loops which includes the gradients in slice, phase and frequency 
directions as well as the RF pulse type used. There are also other loops 
such as serial and parallel averaging, dynamic scans, and packaging 
outside of the loops which is not shown. PRAM with inversion slab uses 
interleaved scan segments loop and PRAM with inversion plane is 





   
 
Figure 20. The PRAM pulse diagram with inversion slab. One inversion and one non-
inversion pulse is plotted in this figure. The four rows from the top to bottom represent 
the measurement (M) encoding direction, the phase (P) encoding, the slice (S) encoding, 
and finally the RF amplitude of TILT pulse. In the last row, the amplitude of both 
labeling and non-labeling TILT pulses are identical however the pulse phases (not 
shown) for the second consecutive pulses are 180o out of phase to cancel each other.  
 
Figure 21. The PRAM pulse diagram with inversion plane. A train of Pseudo CASL 
inversion pulses are performed prior to a gradient echo sequence imaging. The 
frequency, phase, and slice directions are shown in the first three rows and the RF 
amplitude is drawn on forth row. The timing in ms is shown on the last row, depicting 
the labeling duration of around 35ms and gradient echo sequence acquisition of 




The PRAM method was validated using a cylindrical flow phantom which 
resulted in a parabolic flow profile. As the labeled spins move from the inversion plane to 
the imaging plane, the first labeled spins should appear at the center of the pipe, since the 
center exhibits the highest velocity with the subsequent labeled spins appearing as rings 
of increasing diameter. The radial velocity distribution is quadratic in the radius; 
implying that the square of the radius of the visible ring should vary inversely with the 
transit time. This relationship was validated for PRAM by keeping the flow constant and 
varying the labeling offsets as well as keeping the labeling offset constant and varying the 
flow.  
Further validation was performed on a leg of human subject and the result was 
compared with Doppler ultrasound. The final flow validation was performed on the brain 
of a human subject with the comparison with the MR angiography.  
1. Validation by Flow Phantom 
To test the flow measurement by PRAM, a pump was used to transfer water 
through a hose to the MR room. In the magnet, the hose was connected to a cylindrical 
tube to create a laminar flow. To remove the pulsatile flow of the pump, a pulse 
dampener was used (see Figure 22). A porous diffuser at the beginning of the cylindrical 
tube ensured uniform injection of fluid and to avoid the formation of a set.  
The laminar flow has the parabolic radial velocity profile and therefore the 




2( ) (1 )m
rV r V
R
= −  
 where R is the radius of the pipe, Vm is the maximum velocity at the center of the pipe 
and V(r) is the velocity at the radius r (see Figure 23). 
 
Figure 22. Experimental phantom setup. The water is pumped through 
a hose to the pulse dampener and then to the MRI suite. A long 
cylindrical plexi-glass pipe was placed at the center of the MRI magnet 
and was connected to the hose coming from pulsation dampener on one 
side and back to the pump on the other side. 
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Therefore the average velocity is half the maximum velocity or Vm=2Va. In our study, Va  
is set by the pump and the velocity profile is measured by PRAM.  
 
Figure 23. Laminar flow has parabolic profile. 
Therefore the radial velocity distribution is quadratic in 
the radius; implying that the square of the radius of the 
visible ring should vary inversely with the transit time.  




 The flow phantom was used to validate both PRAM with inversion slab (Figure 
24) as well as with inversion plane (Figure 25). In PRAM with inversion slab, the labeled 
spins move from the edge of the slab to the center of it, or 
2
L
. On the other hand, in 
PRAM with inversion plane, the labeled spins move from the labeling offset to the 
imaging plane, or L.  
 
Figure 24. In PRAM with inversion slab, the flow moves from the edge 




Figure 25. In PRAM with inversion plane, the labeling offset, L, is used 
in transit time measurement.  
 
Imaging Slice Inversion plane 
T 













2. Validation by Ultrasound  
Doppler ultrasound is the most frequently used method of measuring flow and it 
is based on frequency changes between transmitted and received ultrasound signal. Figure 
26 illustrates the Doppler shift phenomena where fo is the ultrasound transmitted frequency, fD 
is the frequency difference between the transmitted and received ultrasound wave, V is the 
particle velocity and θ is the angle between the flow direction and ultrasound transmitted 








where c is the speed of sound in the medium.
 
 
Figure 26. Ultrasound Doppler shift. The ultrasound beam is 
pointed toward the blood flow in the artery or vein and the 
reflected signal to the transducer determines the speed of 
flow. The angle between the flow direction and ultrasound 
transmitted signal, θ, must be small in order measure flow. 
 
There are two methods of Doppler ultrasound: continuous and pulsed Doppler 
[55]. Considering that the pulsed Doppler can provide blood flow measurement with B-
mode or M-mode simultaneously, it is the preferred method. However the Doppler 
ultrasound provides the mean flow velocity over the blood vessel radius unless very small 
θ
 




sampling volume is selected. The smaller the sampling volume, the higher the noise level 
will be and therefore use of micro bubbles becomes advantages in accurate velocity 
profile measurements. The accuracy of the velocity measurement in ultrasound is also 
dependent on depth as well as the velocity range in the vessel.  
We present here a comparison of flow measurement with pulsed Doppler 
Ultrasound and the PRAM method using inversion slab. The blood velocity of the 
posterior tibial artery (PT), anterior tibial artery (AT), peroneal artery (PA), and 
saphenous vein (SV) of a human subject (see Figure 27) were measured using the pulsed 
Doppler with the angle correction of 60o.   
 
Figure 27. (a) Ultrasound Pulsed Doppler was performed on Anterior and 
Posterior tibial arteries, Peroneal artery, and Saphenous vein near the cross 
section show in (b) MR angiography of the leg near the area that PRAM and 
ultrasound were performed.  
 
The difficulty in local velocity determination with Ultrasound is that the 
minimum sampling volume is usually around the size of vessel. Therefore the velocity 















3. Validation by Magnetic Resonance Angiography 
 In MR angiography, the moving spins have different phases in comparison to soft 
tissues. The higher contrast in MRA represents larger phase difference or the spins that 
move faster. Therefore the phase contrast MRA (PC MRA) has become popular in 
measuring the flow in vivo. To measure flow quantitatively in PC MRA, two different 
data sets with different flow sensitivity have to be acquired [56]. The flow sensitivity is 
controlled by the strength of different gradient pulses. The signal difference between the 
two acquisitions, represented by ∆s in Figure 28, depends on the phase shift of θ at each 
pixel. By using a flow compensation enabled to acquire the first set, the phase angle will 
be linearly proportional with the velocity of spins. 
 
 
Figure 28. Phase Contrast Magnetic Resonance Angiography. The velocity is 
determined by measuring the phase difference between flow compensated and 
flow sensitive acquisitions.  
 
 We present here a comparison of flow measurement with phase contrast MRA 
and the PRAM method for the right inner carotid artery (RICA) on a human brain subject 





















Figure 29. (a) Axial view of the cross section slice where the right inner carotid artery 
was measured using PC MRA and PRAM. The blue crossing is the RICA. (b) Sagital 
view of the selected slice. (c) MR angiography of the brain. The small yellow plane is 







The PRAM method was initially tested on a flow phantom and the results 
presented in this chapter show excellent agreement with the theoretical flow and velocity 
measurements. Subsequently the PRAM method was tested on a human leg with the 
results comparable with the Ultrasound measurements. The final test was performed on a 
human brain and the results were compared and presented with phased contrast MRA.  
 However the most important factor in transit time measurement with PRAM is the 
performance of RF pulse on labeling the arterial blood. Thus a significant amount of time 
was dedicated to the selection of RF pulses and investigation of two PRAM methods with 
different labeling schemes. 
 In the following sections we discuss the performance of different RF pulses for 
the purpose of this thesis, followed by the results on flow phantom, human legs and 
finally human brain. 
A. Efficiency of PRAM RF Pulses 
 Efficiency of RF inversion pulses is crucial in the accuracy of perfusion 
measurement. The two important characteristics of the RF pulses for PRAM are the 
inversion efficiency of the moving spins from +z to –z, as well as the inversion sharpness 
of the slab or plane around the boundary. 
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1. PRAM with Inversion Slab 
 To measure the inversion sharpness of the RF pulse, the frequency and phase 
encode directions were switched. Therefore the inversion slab is perpendicular to the 
imaging slice, instead of being parallel. By using a static phantom, one can measure the 
distance required for the complete inversion for different slab sizes. As shown in Figure 
30, the line profile crossing the slab shows the inversion sharpness between +z (bright) 
and –z (dark). 
 
Figure 30. Static phantom images with switched phase and 
frequency encode directions to measure inversion sharpness for 
(a) slab thickness of 20mm and (b) slab thickness 40mm. 
 
Three pulses of TILT, HYPSEC and WOW_IR were measured. These inversion pulses 
are depicted in Figure 31. 
 
         
Figure 31. Amplitude of RF inversion pulses is shown for (a) TILT (b) 
HYPSEC (c) WOW-IR. 
 
a 
Line Profile Line Profile 
b 
(a) (b) (c) 
µT µT µT 
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As the slab gets larger, the inversion distance, or the width between maximum 
and minimum longitudinal magnetization, increases. The inversion distance is also 
dependent on the velocity of the moving spins. However, measurement of inversion 
distance on static spins can be used to quantify and compare different pulses. The TILT 
pulse has the shortest inversion distance compared to the other two pulses as shown in 
Figure 32 and Figure 33. The WOW-IR pulse has very similar result to HYPSEC pulse 
and therefore the plot is not shown. The distance of 4.7mm is required for the TILT pulse 
to invert the static spins for a 20mm slab and for a 100mm slab, 14mm is required. In 
comparison, for the HYPSEC or WOW-IR pulse, the required distances for 20mm and 
100mm slabs are 6mm and 20mm respectively. Assuming the blood velocity of 10cm/s, a 
100mm slab will have 20% error in the velocity measurement.  
 The inversion efficiency of the TILT pulse for the static spin is around 67%. This 
is calculated based on the information in Figure 32 by using the ratio of the minimum 
longitudinal magnetization signal, where the full inversion has occurred, over the 
difference between the maximum and the minimum longitudinal magnetizations. The 
inversion efficiency of the HYPSEC pulse is around 60%. Therefore TILT has the higher 
inversion efficiency in comparison to the HYPSEC or WOW-IR pulses.  
The RF pulses used in the slab inversion are hard pulses in which both the static 
and moving spins are exposed to. However the moving spins are not exposed to the full 
duration of the RF pulse and gradient as the static spins, causing the lower inversion 
efficiency for the moving spins. Therefore the adiabatic pulses, where the spins are 
slowly inverted with the simultaneous varying of amplitude and frequency, have shown 
greater inversion efficiency for the blood flow.  
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 The higher inversion efficiency and the shorter inversion distance of adiabatic 
pulses are the main reason of changing the concept of PRAM from inversion slab to the 




Figure 32. The line profile between inversion and non-inversion boundary 
by TILT RF Pulse. The phase and frequency encode directions are switched 




Figure 33. The line profile between inversion and non-inversion boundary 
by HYPSEC RF Pulse. The phase and frequency encode directions are 
switched and the distance along the profile are in mm.  
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2. PRAM with Inversion Plane 
In the case of PRAM with inversion plane, the process of inverting the flowing 
spin is performed in a period of time when the RF and gradient are simultaneously turned 
on. The inversion pulse is primarily affecting the moving spins and therefore to measure 
the inversion efficiency, a flow phantom is utilized. As shown in Figure 34, the line 
profile at the center of a pipe, corresponding to the maximum velocity of 7cm/sec, can be 
used to determine the inversion efficiency of the adiabatic pulses.  
 
 
Figure 34. Flow phantom images to measure 
inversion efficiency for maximum velocity of 
7cm/sec for of CASL and Pseudo CASL 
pulses. 
 
 Two adiabatic pulses of CASL and Pseudo CASL were considered in PRAM. As 
shown in Figure 35, the difference in control and label for the CASL pulse is the cosine 
modulated double inversion in the case of control. In Pseudo CASL pulse however, the 







    
 
Figure 35. Labeling CASL pulse (a) Slice gradient (b) Frequency amplitude; Control 
CASL pulse (c) Slice gradient (d) Frequency amplitude; Labeling and Control Pseudo 
CASL (e) Slice gradient (f) Frequency amplitude. The difference between label and 
control in Pseudo CASL pulses are the 180o phase difference. 
 
The line profiles of two adiabatic pulses are shown in Figure 36. It is obvious that 
the Pseudo CASL pulse is more stable and has higher efficiency compared to the CASL 
pulse. In addition when an adiabatic pulse, such CASL, does not have a stable profile, 
proper inversion of arterial blood cannot be achieved [58, 59, 60, 61]. The reason is that 
the Fourier transform of a rectangular function, used in the CASL pulse, is the Sinc 
function causing repetitive labeling planes appear every 1
t∆
. In the Pseudo CASL pulse, 
this problem has been eliminated by using the Hanning function, instead of the 
rectangular function, as well as using a high amplitude gradient during the pulse and low 
gradient during the time gaps. The  
The Pseudo CASL pulse does not require to have RF amplifier be turned on 
continuously for long period of time, as it requires in CASL pulse. Therefore the Pseudo 
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short RF pulses and therefore it will be used in the PRAM study to measure perfusion and 
transit time measurements in the human brain subjects.  
 
 
Figure 36. Longitudinal magnetization profile of the center line as shown 
in Figure 34 with the maximum velocity of 7cm/sec (a) Pseudo CASL (b) 
CASL. The inversion efficiency of the PseudoCASL pulse is close to 
100% since it has inverted the magnetization from +4*104 to -4*104. On 
the other hand the inversion efficiency of the CASL pulse is close to 63% 
since it could only invert the magnetization from +4*104 to -2.5*104. In 
addition the PseudoCASL pulse has very stable amplitude compared to 
CASL pulse.  
 
B. PRAM Comparison with Flow Phantom 
 The PRAM method was developed and the data were acquired on both the Philips 
Intera 1.5T Philips and Achieva 3T MRI scanners (Philips Healthcare, Best, 
Netherlands). The flow pump (Cole-Parmer, Illinois, US) was set to 4.35mL/sec and the 
phantom had a 2.54cm internal diameter. The images were acquired with 90o flip angle, 
matrix size of 64x64, 5 mm slice thickness, single slice acquisition, and FOV of 64mm, 
PRAM number of 15, and TR of 500ms. The CASL pulses were used for inversion and 




















cosine modulated CASL for non-inversion in the phantom study. By measuring the 
transit time from the middle of PRAM pulse, we expected the maximum velocity in the 








Figure 37. PRAM transit time distribution with flow of 4.35mL/sec, TR of 500ms, 
PRAM of 15 and four different acquisitions with labeling offset of  (a) 2cm (b) 3cm 
(c) 4cm (d) 5cm. Only the first 8 transit times are shown. The velocity in Figure 37b at 
1750ms (fourth image) corresponds to the maximum measured velocity of 1.71cm/s. 
This is in agreement with the theoretical laminar flow expecting to appear at 1747ms 
for 3cm labeling offset (Vmax=1.72cm/s).  
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 PRAM reconstructed images for the flow phantom for the first 8 transit times for 
four different labeling offsets of 2cm, 3cm, 4cm and 5cm are shown in Figure 37a-d. The 
relationship between the squared radius of the visible rings in the flow phantom and the 
inverse of the transit times is plotted in Figure 39 for the PRAM data with 2cm, 3cm, 4cm 
and 5cm labeling offset together with the theoretically expected relationship. In other 
words, in a laminar flow (see Figure 38) we can write the following two equations 
2
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Figure 38. Laminar flow in a pipe with 
radius R has a flow has the parabolic radial 
velocity profile.  
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Figure 39. The squared radial distances of the flow position are plotted 
against the inverse of transit time for four labeling offsets shown in Figure 
2. The flow phantom has Poiseuille flow and therefore t-1 is linearly 
proportional to r2. 
 
 Comparable results were also obtained by keeping the labeling offset constant and 






Figure 40. PRAM transit time distribution with labeling offset of 3cm, TR of 
335ms, PRAM of 15 and four different acquisitions with flow of  (a) 4mL/s (b) 
5mL/s (c) 6mL/s (d) 7mL/s. Only the first 8 transit times are shown. The velocity 
figure (a) at 1815ms (6th image) corresponds to the maximum measured velocity 
of 1.65cm/s. This is in close agreement with the theoretical velocity of Vmax=1.58 
cm/s. 
 
500ms 2475ms 2180ms 1815ms 1485ms 1170ms 825ms 165ms 
500ms 2475ms 2180ms 1815ms 1485ms 1170ms 825ms 165ms 
500ms 2475ms 2180ms 1815ms 1485ms 1170ms 825ms 165ms 







C. PRAM Comparison with Ultrasound on Leg 
The PRAM data were acquired on a Philips Intera 1.5T MRI scanner. The 
inversion slab was 50mm thick and centered at the middle of imaging slice. A slice-
selective TILT RF pre-pulse with amplitude of either 180o (90o+90o) or 0o (90o-90o) was 
performed prior to gradient echo sequence based on 31 Pseudo-randomly created binary 
sequences for each TR. The imaging slice was 10 mm, matrix size of 256x256, and flip 
angle 90o with FOV of 100mm with TR of 100ms and FOV of 120 with TR of 50ms. 
The experiment was performed on a leg of a human subject and the PRAM results 
were compared with a 4.8MHz pulsed wave Doppler ultrasound and a linear probe made 
by Terason. The sampling volume was 1mm with pulse repetition frequency of 5 kHz and 
angle correction of 60o. The protocol was approved by the institutional review board (see 
Appendix A) and written informed consents were obtained from all subjects. 
Figure 41. Reconstructed flow distribution for (a) TR=50, FOV=120 (b) TR=100, 
FOV=100. The inversion slab was 50mm thick and centered at the middle of imaging slice. 
The four vessels shown by arrows are saphenous vein (SV), posterior tibial (PT), anterior 
tibial (AT), and  peroneal arteries (PA).   
 
The reconstructed images for various transit times are shown in Figure 41a-b. The 
saphenous vein (SV) flow appears at t=350ms and 450ms in Figure 41a and b 
(b) 
(a) 
t=250ms t=550ms t=50 ms t=150ms t=350ms t=450ms t=750ms t=650ms 
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corresponding to a velocity in the SV in the range of 7.1cm/s to 5.6 cm/s [V=(Slab/2)/t]. 
This is also observed by pulsed wave Doppler to be around 6cm/s, or half the maximum 
velocity in Figure 42a. The blood velocity of posterior tibial artery (PT), anterior tibial 
artery (AT), and peroneal artery (PA) all appears in t=75ms in Figure 41a and t=150ms in 
Figure 41b indicating they have similar velocities of 25cm/sec or faster. The pulsed 
Doppler of these three arteries are shown on Figure 42a, b and c as average over the 
cardiac cycle. In PRAM with inversion slab, both venous and arterial blood flow can be 
measured, as illustrated in the above figure, even though the blood flows in the opposite 
directions. The reason is that the inverting slab is on both sides of the imaged slice and 
therefore flow in both directions can be observed. If only arterial or venous blood is of 






   
Figure 42. Doppler Ultrasound velocity for four vessels of (a) 
Saphenous vein (b) Posterior tibial  (c) Anterior tibial (d) Peroneal 
arteries. The maximum velocities in the anterior and posterior arteries 
shown above are around 40cm/s however in the case of posterior 
tibial artery the negative velocity indicates the probe was angled 
against the blood flow. The pulsatile velocities in the arteries are due 
to systolic and diastolic cardiac cycle. The tibial diastolic velocities 
are around 10cm/s corresponding to average velocity of around 
25cm/s. 
Anterior tibial artery Peroneal arteries 






Initial application of PRAM to the leg measured average velocities in the arteries 
and veins confirmed by pulsed Doppler ultrasound. The maximum peak systolic velocity 
for anterior and posterior tibial arteries, as shown in Figure 42b and c, is around 40cm/sec 
and the minimum diastolic velocity is around 10cm/sec, corresponding to average velocity 
of 25cm/sec. This corresponds to the PRAM measurements and it is within the range of 
reported peak systolic velocity of 27cm/sec (±3cm/sec) [62]. For more precision the PRAM 
pulse acquisition has to be synchronized with the cardiac cycle.  
E. PRAM comparison with Phase Contrast MRA 
 The PRAM, MRA and phase contrast angiography (PCA) were acquired on a 
Philips Achieva 3T MRI system. First the MRA of a subject’s brain were acquired (see 
Figure 29c) to locate the right inner carotid artery (RICA). The PCA was acquired with 
the FOV 160mm, 8ms TR, 5ms TE, 15o flip angle and slice thickness of 5mm. The 
NOVA Neuro software by VasSol Inc was used to process and plot the RICA flow as 
shown in Figure 43. The flow varies between 273 to 146 mL/min due to systolic and 
diastolic cardiac cycle.  
 
Figure 43. Flow measurement of RICA using phase contrast 
angiography. The flow varies between 273 to 146 mL/min due to 




The PRAM data were acquired using the inversion plane method and the CASL 
pulse. The acquisition parameters were 15 PRAM binary sequence with a single slice of 
5mm thickness, matrix size of 96x96, flip angle 90o, FOV of 192mm, TR of 300ms and 
labeling offset of 8cm. The results are shown in Figure 44 and the RICA started 
appearing on the 2nd image at 450ms transit time. This corresponds to the maximum 
velocity of 18.8cm/s or average velocity of 9. 4cm/s. Based on the MRA measurement in 
Figure 29c, the radius of RICA at the imaging slice was 3.5mm, and this corresponds to 
the PRAM flow measurement of 217mL/min. This is in good agreement with the average 
flow of 210mL/min measured by PCA in Figure 43.  
 
Figure 44. Measurement of flow in RICA using PRAM labeling plane technique. The first 
8 Pram reconstructed images of single slice of a human brain with the pram acquisition of 
15 and labeling offset of 8cm. The reconstructed PRAM data are color coded between red 
(+1) and blue (-1), corresponding respectively to the highest and lowest PRAM signal 
intensity, and overlaid on unprocessed PRAM images. RICA starts appearing on the 2nd 
image corresponding to the maximum velocity of 18.8cm/s.  
 
F. Transit Time Measurement Using PRAM on Human Brain 
Subsequently, the PRAM method was tested on Philips 3T Achieva system on 
five human subjects, all males between the age of 25 and 38 years. The protocol was 
approved by the institutional review board (see Appendix A) and written informed 
consents were obtained. The inversion plane was located 10cm inferior of the center of 







    
 







inversion module, used in the human study, consisted of a train of 18o Hanning RF pulses 
with the duration of 0.5ms followed by 0.5ms pause in combination with unbalanced 
slice selection gradients. The pseudo CASL non-inversion module is the same as 
inversion module but with the RF polarity alternating. The repetition time was the 
summation of inversion module duration plus 15ms acquisition time. The images were 
acquired with 90o flip angle, matrix size of 64x64, 5 mm slice thickness, single slice 
acquisition, 192mm FOV and TR of 175 and 335ms corresponding to a total scan time of 
2:48  and 5:21(min:sec) respectively. The transit time maps were created by plotting the 
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Figure 45. The first 8 PRAM reconstructed images of single slice of a human brain 
with the pram acquisition of 15 and labeling offset of 10cm. The reconstructed 
PRAM data are color coded between red (+1) and blue (-1), corresponding 
respectively to the highest and lowest PRAM signal intensity, and overlaid on 
unprocessed PRAM images (a) TR of 175ms (b) TR of 335ms. The velocity observed 
in Figure 45a appears at the third image, or t=438ms which corresponds to V= 
22.9cm/s, and ends around the 8th image corresponding to V= 7.6cm/s. 
 
 The PRAM reconstructed images for a human subject with TR of 175ms and 
335ms are shown in Figure 45a and b, respectively. The estimated velocities observed in 





between 438ms (3rd image) and 1313ms (8th image). This is also comparable with the 
results in Figure 45b, where the signal appears from 2nd to 5th images due to longer TR, 
corresponding to velocities between 6.6cm/s and 19.9cm/s. The results from other 
subjects were comparable with the results shown for this subject. In Figure 46a, the 
Arterial Input Function (AIF) of a ROI (red box in the figure) for the same subject of 
Figure 45a and b is shown. The ROI signal plotted clearly shows that the labeled spins 
start reaching the imaging plane around 500ms; the maximum numbers of spins reach the 
imaging plane around 850ms, and beyond 1.4 second no inflow of labeled spins occurs in 
the ROI. The transit time map, which represents the corresponding time to the maximum 
signal during the PRAM cycle in every pixel, is shown in Figure 46b.  
 
Figure 46. (a) Arterial Input Function of the red box from PRAM reconstructed images of Figure 
45a and b combined. (b) Transit time map for the same subject. 
 






























Transit Time Map 
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G. Perfusion Measurement Using PRAM on Human Brain  
 Four subjects with identical PRAM acquisition parameters from section F were 
selected and the PRAM transit time distributions were reconstructed. The first 8 Pram 
reconstructed images of single slice of four human brains with the pram acquisition of 15 
are shown in Figure 47. The results show that the PRAM with labeling plane with the use 
of Pseudo CASL pulse can measure the blood flow in arteries as well as gray matter for 
different subjects. The measured velocities are in the range of 7cm/s (corresponding to 
1508ms) to 20cm/s (corresponding to 503ms). The results also show that the first transit 
time for all the subjects contains higher noise level distributed throughout the brain 
region, which we postulate that is due to accumulation of magnetization transfer signal on 
the first flow reconstructed PRAM data. 
The purpose of this section was to investigate the use of PRAM for perfusion 
measurement in the white matter areas. The blood in white matter flows with the velocity 
of around 5cm/sec or less. Therefore the MPRAGE structural data were acquired for all 
the subjects with the resolution of 1mm x 1mm, FOV of 25.6cm, and 1mm slice 
thickness. The structural data were segmented to white matter, gray matter, CSF, and 
background, and subsequently registered and aligned to the PRAM slice (see Figure 48) 
using FSL software library (The Oxford Centre for Functional Magnetic Resonance 
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Figure 47. PRAM results for four subjects shown in. The first 8 Pram 
reconstructed images of single slice of four human brain (a), (b), (c) and (d) with 
the pram acquisition of 15 and labeling offset of 10cm, . The reconstructed 
PRAM data are color coded and overlaid on unprocessed PRAM images. 
 
 The segmented structural data allows us to separate the white matter and gray 
matter PRAM signal and therefore be able to investigate if they have different signal 
characteristics that can be used to identify them. The averaged white matter and gray 
matter PRAM signals for the four subjects are plotted in Figure 49a-d along with the 
corresponding WM and GM pixels. In all four subjects, the PRAM signals from WM and 


















Figure 48. The structural MPRAGE segmentation results from FSL software for four 
subjects are shown in (a), (b), (c) and (d). The background, CSF, gray matter, and 
white matter (1st to 4th column) are the segmented results from MPRAGE along with 
the corresponding registered and aligned PRAM slice (5th column).  
pramCSF GM WMBG 
pramCSF GM WMBG 
pramCSF GM WMBG 







   
 Considering that white matter has longer transit time than gray matter, it was 
expected to see the WM signal shifted forward, representing velocities of 5cm/s or 
slower. Therefore the PRAM signals from WM could not be distinguished from the 
noise. This is partially due to the fact that a 90o flip angle is used during the PRAM 
acquisition, and therefore causing the magnetization of labeled blood moving within the 





















Figure 49. Average white matter and gray matter PRAM signals for the four different 
subjects (a), (b), (c) and (d) are plotted. The corresponding WM and GM pixels used to 
create the averaged signal are shown in the upper right hand of each figure. The x axis is 
the PRAM number which corresponds to the transit time and the y axis is the 
magnetization signal after PRAM processing. The PRAM signals from WM and GM 
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The PRAM technique was developed using two methods: inversion slab and 
inversion plane. In the case of PRAM with inversion slab, there has not been any RF 
pulse development for the inversion of wide slabs to the extent required for this purpose. 
PRAM requires inversion of the whole brain with sufficient boundary sharpness and 
stable amplitude. The inversion efficiency of labeling blood decreases as the slab 
thickness increases. The higher inversion efficiency and the shorter inversion distance of 
adiabatic pulses are the main reason of changing the concept of PRAM from slab 
inversion to plane inversion. 
PRAM was initially developed on a 1.5T MRI scanner however due to higher 
SNR at 3T MRI, the project was imported to the higher field. Based on theoretical and 
experimental studies [63, 64], signal to noise ratio increases two fold by doubling the 
magnetic field. This is the main reason that the result of the brain study in thesis has 
higher accuracy compared to the leg study.  
This thesis has demonstrated that PRAM can measure flow distributions and 
transit times accurately. It has been tested on phantoms with results in agreement with 
Poiseuille flow calculations and achieved an accuracy of 99.5 percent. An earlier 
application of PRAM on human subjects was also able to measure average velocities in 
arteries and veins in the extremities [65]. Applied to human brain, it provided comparable 
results to other groups [66,67], especially for gray matter regions. Results for white 
matter were less satisfactory. This is in part due to the fact that white matter has lower 
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blood volume, and prolonged arrival time, causing reduced SNR and larger T1 signal 
decays. 
To measure transit times, PRAM uses 90o flip angle pulse to clear the imaging 
slice from the tissue labeled spins. Therefore, the flow would entirely consist of the 
arterial input to the imaged slice. However, PRAM can also measure the parenchyma 
flow using flip angles of lower than 90o. With lower flip angles, the perfusion signal will 
be able to accumulate in the imaging slice, allowing perfusion measurements. However, 
the total signal is still likely to be dominated by the arterial signal at earlier arrival times 
but at later times the perfusion signal should dominate. Further the arterial signal can be 
addressed by employing bipolar gradient pairs to crush the signal from fast-flowing spins 
[68]. 
Because of the nature of the PRS generation the most natural lengths are 2n-1, i.e., 
7, 15, 31, etc [48]. The product of the TR in the experiment and the PRS length sets the 
sampling interval which needs to be at least as long as the spread in transit times for the 
tissue of interest. Otherwise the fastest arriving spins will be confused with the slower 
arriving spins from the previous PRAM cycle. In order to acquire the full transit time 
distribution, the whole PRAM cycle, the product of TR and PRAM number, should be 2 
to 3 seconds. This will insure sufficient number of acquisitions has been acquired during 
the transit time to be able to reconstruct the flow transition.  The PRAM method does not 
require separate control and label acquisitions, but rather all pseudo random inversions 
are integrated into one acquisition. This eliminates the direct subtraction of label and 
control that is common in ASL analysis. On the other hand, the PRAM method is still 
sensitive to subject motion due to the fact that the acquisition of each transit time is 
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distributed throughout the total acquisition time. Motion creates subtle blurriness on 
PRAM which is not completely correctable although post acquisition processing of the 
original images, as is commonly done in BOLD analysis, can reduce these artifacts. 
Quantification of the flow measurement directly depends on the inversion pulse 
performance. The Pseudo CASL pulse has shown greater inversion efficiency and lower 
SAR effect compared to other adiabatic pulses [51]. However as we decrease TR, less 
labeled blood reaches the imaging slice, causing reduction in inversion efficiency. This 
limits the PRAM acquisition to a minimum TR of approximately 100ms. For this TR we 
would need to use a PRAM sequence of 31 or 63 lengths to satisfy the time constraint 
mentioned above. The TR range used in PRAM for human brain varies between 100ms to 
400ms; almost one tenth of TR used in regular CASL or PASL. This allows PRAM 
technique to acquire the whole transit time distribution within one integrated acquisition.  
In conclusion, this thesis has demonstrated that PRAM can measure the transit 
time both in a phantom and in vivo in a human brain. Although only one imaging slice 
was acquired to simplify the pulse programming and processing of the transit times, the 
extension of PRAM to multi-slice acquisition is possible which will provide 3-D views of 
transit times at the expense of longer acquisition times. However, the 3-D long 
acquisition time can also be addressed by use of fast imaging techniques such as EPI. The 
PRAM method is a model-free approach in measuring transit time distributions, and 
therefore it can be more widely used on different organs.  
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VII. FUTURE DIRECTION 
The goal of this project has been to investigate and implement the proof of 
concept that PRAM can be used to measure blood flow and transit time. PRAM has been 
implemented by a sequence of inversions and non-inversions of arterial blood in one 
integrated scan. PRAM does not require any exogenous tracers such as gadolinium as is 
common in MRA measurements. The major new contribution of this project has been the 
proof that in MRI, the blood can be used as contrast agent in accurate flow 
measurements.  
PRAM is in effect combining the arterial spin labeling concept with the MR 
angiography where the contrast is the amplitude modulated of blood magnetization. The 
other major contribution of this project has been in the reconstruction of blood transit 
time by use of demodulation techniques that is commonly used in AM radio receivers.  
PRAM was implemented using regular gradient echo imaging with limitation of 
single slice acquisition, however it has to be extended to fast imaging techniques such as 
echo planner imaging (EPI). This is specially crucial for extension of PRAM from 2D to 
3D to shorten the acquisition time. Any fast imaging or 3D extension of PRAM should be 
in such a way that additional RF or gradients used will not disturb the magnetization 
modulation of planes to be imaged.  
To measure transit times, PRAM uses 90o flip angle pulse to clear the imaging 
slice from the tissue labeled spins. Therefore, the flow would entirely consist of the 
arterial input to the imaged slice. However, PRAM can also measure the parenchyma 
flow using flip angles of lower than 90o. With lower flip angles, the perfusion signal will 
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be able to accumulate in the imaging slice, allowing perfusion measurements. However, 
the total signal is still likely to be dominated by the arterial signal at earlier arrival times 
but at later times the perfusion signal should dominate. Further the arterial signal can be 
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